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Prepared by Wogect S t a f f  

l o  GEJmERAL 

This status repox% covers research carried out by persome1 
of the Electronic Systems Laboratory, Department of Ehctr iwl  

under Research G r a n t  Mo. TJsG-349-61 of the National Aeronautics 
and Space Aihinistration. Work in L k  areas of experi.mmtal evalua- 
tion of rotary double modulation and feedback suppression of cross- 
coupled signals, descri-d in the research propasal submitted 
3.8 April 1963, 'has continued. 

I vibratory type gyroscope in which doubb mduhtion is  accampllskred 

by vibration ra-bher tban rotation, 
doublr; modulated twSrg fork ina.P;mnt have been very favorable 
aad if simllap bprove.mnt8 can be obtained with vibratory double 
ncduktion 4-t m y  be possible to comlmct an inexpensive, lm - 
power reliabk aU-vibmtory gyroscope wtth a zero rate well below 
one eaTthGs rate. Tf;e following sectioxm briefly describe the 

zesulte to date, indicate problem which have arisen etnd 8- of 
tk ir  8olu%ions, describe research docunientatlon atatus to date 
and present the financial status of the progect, 

Work has been initiated on an all 

The results obtained on the 

aD Iatroduction l e -  
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slightly from t1.e program outlined in the proposal submitted 

18 April 1963. Eq?wimen%af, data obtained from t h  rotary ddblre  

mcduhtion experlznent shcnPredt tltlrat the perfoxmnce of the tuning 
fork i n s t m n t  being investigated was improved by at b a s t  two 

order of m!%gnitude by double modulation. The no%= coatrfbuterjl 
by the bearings in thfa  experiment was no% a limiting factor 
but it was larger than anticipated. 
tbe general lack of interest in instruments employiw bearings of 
any kiad for space applications bve made it desirsble t o  in- 
vestigate conf'igumtiom which can be do&& m o a u l a t e d  by means 
of vibration. !Therefon?, work been resumd on vibratory fluid 
devices i n  an effort  t o  finti a basic single-e;lrie seasor that can 
be double mduhted through vibration rather than rotation. 

!l!k research corducted during this reporting period is 

These facta together with 

outlined i n  the foblcn.ring sections. 

be W n g  Fork Gyroscope Ehp loyfne; RDt&ry Double lbdubtion 

Good experimii-tal data OB. the tuning fork i n s t m n t  were 
finally obtained during tM8 repor-biag perf&. Tbe data aupports 
thn theoretjcal wozk done OR double adulation and show tht 
double mxlulatlon improves the prfomance of the tuning fork in- 
strument by at hast two ortkrs of mgxdtudE!. 

themtical Cf?L6c~sion of daubs nodulation and the instmuanen% 
being investigated aze contained i n  a paper entitled "Reduction 
of Errors in Vibratory Gyposcopes by Double ~ d U h t i O R ' *  by R.W. Bush 
end G.Ce Newton, Jr. This paper w&8 presented at the Uacoulven-bimal 
Inertial Sensors Sympoafum, l\ilovember 2-8, 1963, at Republic Aviation 
Corpomtton. 

'Ilaese data and s- 

Twenty five copies t i i n  included w i t h  this Status 

Report. 
Research is coa-tfnufng on the t d n g  fork instrument i n  order 

to  obtain more complete carprison d a t a  OR the perfomace with 

and without doubb modv&tian and also to  investiga,te sources of 
the zero-rate drift with b u b b  a&u&tione It is expected that 
many of tbe sources of emor vi11 be the sam with u?lbratory double 

aaodulcation as with rotary methods. 
ex,perlmental and t h o r e t i c a l  anrd is direct& towwxl extmotiug 
the mixinun ~ Q L U I ~  of experimwiAI. ilrr?"orrmtion fron t3e present 
equiperrbe 

Besearch %a t h i n  wee. is both 

T b  &%a ob'cziwd to &?;kc on %LE -kurxl,ng Tork iuu;lmen-k 



have pointed out several areas which Iseed t o  be investigated. 
A l t h o u g h  t h e  mgni-tude of the zeremte signs& was reduced from 
56% e m  to 60 eru by double mduh t ion ,  only 40 e m  of tlrre 60 
could be at-ktbuted t o  the acceleratfon of gravity, 
large number (40 e m )  is  characteristic of t a n g  fork iwtrumnts 
am2 is larger than t k o r y  fndicates for other symmetrical drive 

c o n f ~ t i o a s .  Th? source of .the 3 m . B i ~ 2 0  e m  of zero rate 

signa2 is  t h e  subject of con%inuing researcp1. 

This rather 

Possible sources 
under investigation are complex gravity distmtiona, beariags, 
a the signal processing electronics. 

with the double-modulation cage assembly mounted -In tapered roUer 
bearingso 

All of the above-rrmen-bioned experbx2lts leave been CORdUcted 

In addition t o  tbis type of bearing, tfre original 
p- Cam for bZ8%8 With bn beaPixS and fluid-lubriated 
journal bearings i n  order t o  assess the effects of bearin@: noise 
more fuuy. 

Coaical journal bearings have been installed and tested 

during this repor& periodo Because of incomplete3y understood 
distortions of the cage asse&l3r, the expected bearing noise re- 
duction has not been realized but rather the oppositeo '3.W conical 
bearings have a noise spectrum associated vith %hem w h i c h  lrrrs large 
spikes at harmonics of the spin freqwncy and it is  tbrefore  
necessary t o  aUgn tbe instrument output frequency between tvo spin- 
freqyeney harmonics. Evenwhen this is done tPre noise at the output 
of the double m o a u l a t e d  instrument is twenty ttms larger tksen the 

tuning fork unbalance noise. Because this is  unacceptable condi- 

tion reworking of t k  w e  assembly end irasta&tion of ball bearings 
is planned f o r  the next period, Although ball bearings in th, sizes 
available are not t k  optimum s q p o r t  mans, they ~kould  be adequate 

f o r  t b  ccmrpktioa of %he rotary double maiuhtioa experimmt. 
noise requiremnt is  not nearly a6 c r i t i c a l  8s in conventional 

!RE 
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source of zero-mk signal and presents a t bo re t i ca l  treatment of 
the effect for en instrument without double modulation. 
tbe doubb modu33tion prrocess emnates zero-mte signals associated 
with acceleratfon-imlepndent cross coqpUng. 
perim=ntal vibratory woecope, wkn doubly mdulated, exhibits ex- 
cessive s t o c m t i c  zero-rate output (noise). 

during this report period4 

Ideally, 

However, the ex- 

~n mica1 @ 

expeX'hit?&d inVt%3%%.@tiOR of the S O W C e  Of this R O f e  m8 inith,t&?d 

It is  clear that the UPLFroate source of the stochastic zero- 
rate output is the random vibrational energy developed wkn tbe 
tuning fork package is spun at  the doxiblre modulation frequency, 
mile appears t o  be WO patha whereby this energy i s  most easily 

cowlied into th? si-1 processing chain. One path is directly 
through the output vibration pickup a d  tk second is  through the 
tuning fork refemnc@ signal pickup. In the first path tk noise 
s-1 cams from tBe bewings through th? resonant system suspension. 
In the eecoml path, the noise is caused by randam relative mtion 
between the tuning fork and the reference pick up coils, The re- 
sul tant  perhrbsctfon of the reference signal introduces output 
noise a t  tk demodulator used t o  remove the double-modulation spin 
frequency. 

above corrupting signals bas been camp&3ted4 

result of the analysie is the precliclioa of a slowly w i n g  
(quai .  d-c) output superposed upon the previoudy predicted zero- 
rat€? si@jnralo 

An analysis of the demO0dulat;ion process i n  tlae presence of tk 
T k  most significant 

During the last days of this report period an experbmbal 
program aimd a t  verifyirg the above awlysia was undertaken. 
order to deteponizlc separcttely t& presence of each postulrated noise 
source the experbnent,alwork wks broken into two pceta.  

coqsisted of a determination of the spectrum of the signal at the 
arkput, vibmtion pickup during double mdulation. 
prt a sinusoidal signal WES demcdulated by a reference signal 
corrupted with a periodic perturbtion and t he  spectrum of the de- 
modulator ou.t;put was recorde-do 

In 

Tke first 

In the second 

The r a w  9rcm these e;hpertnierrts is presently under amlysI.8. 

Results ab- bc sva-LJab2-e e a l y  %n the next repor-L%ng period. 
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Zero rate errors due to casrphx gravity distortions are also 
possibb. Scrme tim w i l l  be spent Fnvestigating this possibility; 
however, since the sources are different for different drive con- 
figura%iom, a detaibd exmination is  hardly worthwhile. 

c0 Fedback Swpression Of CroSS-COtrphd S i m l s  
Work has continudl on developing a practical filter theory 

for suppressed-carrier systems as described in tk previous status 
repOfi.3 straight application of t b  time-varying ~ n e s r  filter 
theory with the naean-squme emor clrfterfon yields filters which 
are not very practical because baplaoxdc and quadrature errors are 
weighted equally with message epTO3t60  

Bemduhtor problr?m must be taken into consideration and the error 
cri*rion mcdifiea so that the systems which result and the minimszed 

e r r o r  a m  more realistic. In *hi6 manner filters before and after 
th demcdu,lator SLnd the demduhtom. itself can be optimized taking 
into account instability i n  the carrier frequency 88 w e l l  8s sat-- 
tfon and fixed e2ement constraints i n  the system. 

Emphasis on the actual suppression of cross-coupled signals 

Therefore the practical 

%&ough f e d b c k  has been reduced because of the follwing: 

has &monstmted that precision balancing of 
1, Work ox t w n g  fork iastrurmnts at Farnboroug& 3 

dbmtOpY drive mchrzllimS C a n  be 8 ~ C ~ I i ~ k d .  

2. Bearing noise associated with tb double m c d u l a -  
t ion motion I s  larger than expected and pEsent3y 
Urger than th? magnitude of' the cross-coup&d 
vibrations, Thus reduction of becxring noise 
effects should Ihave first priority. 

3* Work h s  been initiated on distribukd parameter 
drive methoits in vMch crosa-coupllng.arises frcun 
sources o%her tbn  mass unbalance and can be re- 
duceis -to acceptable l e v e l s  by'spmtrlc Wve 
arrangqrnxrts 
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de Vibratory AnguLa r Motion Sensors Using  Fluids 
A renewed interest i n  anguhr motion ~ensors using 

occurred %or two reasom. First, space applications of 
fluids has 
gyroscopic 

devices pbce emplusis on low power coasumption, re l iabi l i ty ,  and 

long life, even m o r e  thsn on ex%= performance as measured in 
terms of sensitivityJ *if%, and freedan from accebration errors. 
S ~ C O ~ ,  dwiw the 3?t?pOfiiRg peX%Oa, O W  of the project 6-f members, 
Professor GoC. lkv%on, Jr., met l e .  C.Eo Granqvist in Sweden ead 
themby obtained new information about a Vllbrating gas particle 
moscope descrfbed in Reference 5. This bfoPmation appeaxedto 
resohre stme of the qucstiom raised i n  Reference 4 a m c a t e d  
that renewed activLty i n  this area i s  l i ke ly  t o  be worthwhileo 

Tple obgect of %he current studLes of vibratory fluid S~ISOTS 

is  to  ascerkZn more clearly w h a t  the prospects are for  these de- 
vices in  n?eleteionship t o  space 8ppllcsfiaS* 
both from the viewpoint of a ainrpb f n s l m n t  without doubh 
modbuLaLion as w e l l  as fi?can the viewpoint of a more precise in8trmen-t 
employing double modul&&ono EopefulJyt a vlbrstory fluid sensor 
could be IIlade i n  ~XBUET plqrsical size than a solid vibrating de- 
vice such as &tuning forko 
single-=is sensor 'would make possible o vibratory form of double 

This i s  t o  be done 

This size reduction of the basic 

d a t i o n  thereby aua~bt iw tb? m d  for b e a r f ~ s e  

!Ox? investiga%ion of vibratory fluid sensors involves both 
anaWi-1 aad exp.?rimEP;epl aspects. 
cem& with choice of fluid, configuration, end driving and seasing 

SIE~IIS~ 

been undertaken with a -view of confirnag G m q y t s t D a  statements 

concerning t k  p r i ' o m c e  wMch b h s  observed 02 a pn?tlculrar 

half-wave msoara%or conssfig-umi3on using air as t k  f l d d .  

The analytical work is con- 

In pazalllel with Lkse studies an experimntsl progmm has 

On -tb be S ~ S  of G Z W I ~ V ~ S ~ ' S  sb-n-t coa~eSaia@; his ex- 
pertments, a pefl-ce level of' one earth rate drUL azle R 

semilivi%y of the order of o m  earth mte should be keh-bi7aeI.y 

easy to obkfn, 
tkse hopes, TbPefoxe a second3 8UghtIy more refined, version 
has been constructed in  tb? fom of FA& 2.2. 

!&E first crude expxrimmt fa$bd t o  confirm 

By rs~~ans of the 
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driver located at one end of a half-wave resonator chamber a 
velocity anti-node i s  establislred in tk vicinity of microphms 

perpendicular t o  %be plans of the pager produces a Coriolia pressure 
thst should be m?%mmzable by ne898 of tlrese mlcmphones. 
piston, which serve0 as a reflector, i s  adjwted t o  minimize tk 
driving wave pressure a% tk sewing microphones. A monitoring 
microphone % is  pruvided a t  tk piston f o r  making acoustical 
measurements . 

b$ d The amucSbiOn Of a =%e about -6 

Tbe 

On th? basis of th? expli;.fments corrlucted so far on the! 
apparatus of Fi& 2.1 we have learned tkt it 1s rather difficult 
to haw the driving wave pressure in the vicinity of th micro- 
phones p"r, and % by adjustment of the piston because of the relative- * low Q'S that seem to be c ~ c t e r i s t i c  of acoustical resonators 

up by distortians intrOauced by %be driver. Nevertheless, solutions 
are foreseen for may of these problems and additional experbents 
are planned with improved forms of appara.t;us. 

aad also beCaUae of Second harmonic WaveS, p~'e6~mably Set 

3. PROJECT IlOCWNT STPATUS 

During this reporting period the  foUuWiw rmianuscript was 
submitted to the Institute of Electrical and Electronic Engineers 
for presentation at the 1 S k  Joint Autconatic Control Conference: 

"Redluctinn of Error8 i n  Vibratory Gyroscopes by Double 
Modulation" by ROW, Bush G.C, Newton, Jro 

4. BUDGETSTaTUS 
As of 30 N o v e n h r ,  58 per cent of the t o t a l  Grant, funds bve 

been expended in Q tim corresponding to 68 per cent of t b  Grant 
period. 

5. ANTfCIPAm FZlTURE RESEARCH 

Future research will concentrate on the completion of tlre 
double mobula.t;ion emriment .casing the tuning fork gyroscope snd 

~ T R - ~ & P  evalua-kion of We prospects for vibratory fluid devices. 

Detai l6  of plans are included in tbe review of Con-tbued Research 
of secl;ionr 2, 



6. PROJECT STAFF 
The follarine; =search staff lllembers contributed to this 

pro3ec.t; during this reporting period. 

Prof. ~eorge C. Newton,> faculty supervisor (part time) 
Richard W, Bush, full time staff unti l  Septeniber, research 

assistant tkreafter 
Jean C, Iavigne, full. t h e  staff me nib^ (since September) 
Joseph A, D*Appolito, research assistant 
William Meinbans, resecrch assistant (June only) 
Robert W, Rasche, full time staff mnrmber m%Il September 

- 

Approved by: 

Associate Director 
Electronic Sys%ez~w Iaboratory 
31 ~ecernber 1963 



1, "Proposal far Research on Vibratory-Output Angubr Mokion 
Sensors'*, Electronic S y s t e m  Laboratory, Massachusetts 

18 April 1963 
Institute of Technobogy, 

2, "Reduction of Emore in Vibratory Gyroscopes by Double 
Modulation" by G.C. Ikwton, Jr. aad R.W. Bwh, 
Electronic Systems Iaboratomy, Massschusetto Institute of 

"Reseezch on Vibratom-Output Angular Motion Sensors, 

1 June 1963 

!tkchnoLogy, 1964 

3, 
Fourth st&lS b p O Y b l l r  Electronic QSbEIS kbomtoqJ 
tbSaChusettS &.&itUte Of % c h a o l w J  

4. "A Vibra-bory Acoustic Gy~oscope~' by R, Swerdlow and J,Go WWtman3 
Electroac @3temt3 Iabora%opy, kssachusetts Institute of 
Technology, Report #ESLLIM-l62, December 1962 

5. '%yroscope Device with Vibrating Gas Rwbicks or M i c l e s  
of Another lhnsferring &dim" by &E. G r a s q v l s t  
u. s e  BO, 2, mr 389 


